Specifically labeled NaBD 3 H has been synthesized and characterized using X-ray diffraction, NMR, and vibrational spectroscopy. The isotopic purity of the compound, as estimated from NMR spectra, was found to be about 85% with the compound NaBD 2 H 2 as the second product. IR spectra confirm the relatively strong intensity of the single B-H stretching mode predicted from DFT calculations. Anharmonic DFT calculations show that for the BD 3 H
Introduction
In the search for new hydrogen storage materials, tetrahydroborate compounds, M(BH 4 ) n , (with M ) metal cation and n ) valence of the cation) have gained considerable interest, mainly due to their high gravimetric content of H. 1 In the course of the search for new materials, reactions of alkali borohydrides with metal chlorides and/or hydrides using ball milling techniques can be performed, but the structural characterization of the resulting products may be difficult due to the presence of several mixed phases or the low crystallinity of the products. Moreover, promising compounds such as Ca(BH 4 ) 2 undergo several phase transitions with increasing temperature, and the structural characterization of all phases remains to be completed. [2] [3] [4] In particular, the accurate determination of boron hydrogen bond length in solids is experimentally difficult.
To have a new structurally sensitive probe for the hydrogen atoms in borohydrides, we decided to prepare and characterize specifically labeled NaBD 3 H as a starting material for other complex borohydrides. This approach was motivated by the study of alkanes with isotopically isolated C-H bonds 5 which revealed both theoretically and experimentally a linear correlation between C-H stretching frequency and bond length. Previously, we have been able to correlate the totally symmetrical B-D stretching mode of the alkali borohydrides with B-D bond length 6 obtained from neutron diffraction data. However, a similar correlation for the B-H stretching mode of the alkali borohydrides fails. This is due to the presence of strong Fermi resonances which are present for both B-D and B-H stretching modes as shown for NaBH 4 and NaBD 4 in Figure 1 (see also Figure S1 , Supporting Information, which shows a low-temperature Raman spectrum of KBH 4 in the stretching mode region). It can be seen that for both NaBH 4 and NaBD 4 , instead of the single IR active antisymmetrical B-H (D) stretching mode at approximately 2284 (1682) cm -1 , several bands are observed, but the overall shape is different for the hydride and deuteride. These Fermi resonances have been quantitatively analyzed using anharmonic DFT calculations. 7 Further, experiments on slightly deuterated ammonium compounds (NH 4 + is isoelectronic with BH 4 -) showed that in low symmetry crystals different orientations of the NH 3 D + ion can be distinguished and subjected to infrared hole burning experiments. 8 Thus, a probe like BD 3 H -can give important and complementary information about the crystal structure, in particular about the local symmetry of the borohydride ion in the crystal.
To the best of our knowledge, there is only one pertinent report in the literature reporting on the selective synthesis of Figure 1 . Room-temperature IR spectra of NaBD 4 (top), NaBH 4 (center), and NaBD 3 H (bottom). The spectra have been shifted vertically for clarity.
NaBD 3 H and NaBH 3 D. 9 In this paper, we report on the preparation and characterization of NaBD 3 H. Further, following our previous analysis of Fermi resonances in the alkali borohydrides using anharmonic DFT calculations, 7 we study theoretically the BD 3 H -ion with the same methodology to gain more insight into the potentially occurring Fermi resonances. Preliminary experimental results on RbBD 3 H, obtained involuntarily as an impurity during a preparation of RbBD 4 , are also included for comparison.
Experimental Section
All operations were carried out under an inert atmosphere using a Schlenk line or an argon-filled glovebox, where both the water and oxygen concentrations were kept below 1 ppm during operation.
Synthesis of the isotopic borohydride ion was performed by a direct wet chemical method based on a proposal made by Köster 10 and later modified by Davis et al. 9 according to the following reaction An amount of 0.98 g (40.8 mmol) of premilled NaH (Aldrich, 95%) was mixed with 1.5 equiv of synthesized 11 Et 3 N · BD 3 (7.1 g, 60.1 mmol) under an argon atmosphere. The suspension was vigorously stirred under reflux at 100°C for 1 h, at 120°C for another hour, and afterward at 145°C for an additional 6 h. The mixture was then cooled down to room temperature, and 50 mL of hexane was added to the suspension, which was stirred overnight. The reaction mixture was filtered off through a finegrad glass frit, washed with n-hexane, and dried under vacuum at various stages: 150°C/2 h; 180°C/2 h; 200°C/12 h. The yield was 69% with respect to NaH (1.15 g). No C or N was detected by elemental analysis.
High-energy ball milling of NaH was carried out by a Fritsch P6 planetary mill at 600 rpm during 1 h using an 80 mL stainless steel vial and balls. The ball-to-powder ratio was approximately 20:1.
Powder X-ray diffraction patterns (see Supporting Information) were obtained with a Philips X'PERT diffractometer, with Cu KR radiation, 2 kW, with an X'Celerator RTMS detector and automatic divergence slit. The powder was measured on a Si single crystal and sealed in the glovebox by an airtight hood made of Kapton foil, the foil being mounted out of the focus of the spectrometer.
NMR spectra were obtained in both 1 M NaOH/H 2 O and NaOD/D 2 O solutions on a Bruker 500 MHz instrument at room temperature. The proton, deuterium, and boron spectra were recorded using a 500 1 H Larmor frequency spectrometer. The spectral windows were 400 ppm for the boron spectrum and 20 ppm for both the 1 H and 2 H spectra. The number of points was set to 4k for the deuterium and boron spectra and 64k for the proton spectrum. The processing involved zero filling but no exponential multiplication.
IR measurements on solids and solutions were obtained using a Specac "Golden Gate" ATR cell in a Biorad Excalibur instrument with a nominal resolution of 1 or 2 cm -1 . This ATR cell allows also cooling the sample to -150°C.
Raman spectra were obtained using a diode pumped solid state laser (488 nm) with a Kaiser Optical Instruments Holospec Monochromator and a liquid nitrogen cooled CCD camera. The samples were sealed in glass capillaries. The spectral resolution was 3-4 cm -1 for all experiments.
Theoretical Methods
Structural optimization, harmonic frequencies, harmonic IR intensities, and anharmonic quartic force field were performed with the Gaussian 03 program. 12 The treatment of anharmonicity on vibrational transitions and intensities was obtained using a locally developed Fortran 90 code.
13
Electronic structure calculations were performed at the DFT level using the three-parameter hybrid functional of Becke (B3LYP) [see ref 14 and therein] and a valence double-Pople basis set including diffuse and polarization functions, 6-31+ G(d,p). This model chemistry was chosen since it has been previously shown that it yields reliable results for the computation of vibrational properties for borohydride compounds 7 and, more generally, for small organic 15, 16 and radical 17 systems for which an average convergence of 10 cm -1 is achieved with respect to the experimental results.
The anharmonic vibrational treatment requires the determination of an analytical potential function determined as follows:
18 from a minimum energy structure of a given system, a quartic force field is built in which the third and fourth derivatives are computed by 6N -11 (N ) number of atoms) numerical differentiation of analytical second derivatives. In the quartic approximation, the potential provided by the Gaussian code is given by where q i is the ith dimensionless normal coordinate and ω i , k ijk , and k ijkl are the harmonic, cubic, and quartic force constants, respectively, expressed in cm -1 . Note that only the anharmonic force constants involving the trimode interactions 19 (k ) l) are determined by numerical differentiation.
Furthermore, the Watson Hamiltonian, considering a nonrotating system, is used 20 where q i and p i are, respectively, the dimensionless normal coordinates and their conjugate momenta. The last term represents the major component of the rotational contribution to the anharmonicity. 21 Then, the vibrational frequencies are evaluated from a variation-perturbation procedure (VCI-P scheme, described in detail elsewhere 22, 23 
The anharmonic intensity between an initial state Ψ i (generally the zero-point energy state) and a final state Ψ f is evaluated as previously reported.
24,25
Results and Discussion NMR Spectroscopy. Figure 2 presents NMR spectra obtained in 1 M NaOD solution in D 2 O. This technique is particularly useful to probe the isotopic purity, as different coupling schemes for different isotopomers can be expected. Previously, statistically distributed isotopic mixtures of borohydrides obtained from exchange reactions in solutions have been studied using NMR.
26
The isotopic purity can be measured quantitatively using 11 26 Further NMR spectra were obtained in 1 M NaOH solution in H 2 O. The 11 B NMR spectrum is practically identical to the spectrum in the deuterated solvent and confirms previous observations 26, 27 that, at least on the time scale of our experiments (2-4 h), the BH 4 -group does not undergo isotopic exchange in alkaline aqueous solution.
Vibrational Spectra. Figure 1 compares the observed IR spectrum of NaBD 3 H with those of NaBH 4 and NaBD 4 . In contrast to only two IR active modes expected for the parent tetrahedral compounds, all six vibrational modes of BD 3 H -are both IR and Raman active and are observed in the experimental spectra ( Figure 1 and Table 1 ). Note that a strong single B-H stretching band is observed at 2321 cm (Table 2 ) which was shown to be present in the sample by NMR spectroscopy.
IR and Raman spectra were also obtained in 1 M NaOH solution. The corresponding vibrational frequencies are collected in Table 1 (see also Figure S3 , Supporting Information, for the IR spectra). Figure 3 shows the Raman spectra of NaBD 3 H in basic aqueous solution. The polarized (A symmetry) stretching bands of B-H (2281 cm -1 ) and of the BD 3 group (1610 cm -1 ) are shifted to lower frequencies compared to solid NaBD 3 H (see Table 1 ) and are quite similar to the frequencies observed for solid RbBD 3 H (see Table 1 ). Considering the B-D bond lengths measured for RbBD 4 (1.206(2) Å) 28 and NaBD 4 (1.178(2) Å), 29 one can estimate that the B-D(H) bond length of BD 3 H -in alkaline solution is about 1.20-1.21 Å.
The IR spectra of solid NaBD 3 H at 295 and 183 K are shown in Figure 4 . It is interesting to note the significant spectral splittings which appear below the structural phase transition. These splittings are much more pronounced than in the lowtemperature IR spectra of NaBH 4 .
Theoretical Calculations. . For each, the character of the fundamental in the overtone is slightly higher than 10%. The two components of 2ν 6 being very close in energy, the theoretical anharmonic IR spectrum shown in Figure 5 exhibits finally two bands corresponding to the signature of strong anharmonic couplings that occur in this system. The 2ν 6 is slightly blue-shifted with respect to the ν 4 , in agreement with the picture provided by the experimental investigation, with a relative intensity of about 1:5. The 2ν 5 arises at about 150 cm -1 lower than ν 1 with a ratio of 1:12, less perceptible on the experimental IR spectrum ( Figure 1 ).
As reported in Table 3 (columns 5 and 6 for the anharmonic positions and intensities, respectively), the computed values of the transitions, by essence in the gas phase, are still far from the experimental data (133 and 55 cm -1 , respectively, for ν 1 and ν 2 ). An attempt to correct these discrepancies was made label sym harmonic (gas) A (ω) (gas) VCI-P (gas) A (υ) (gas) harmonic (solv) A (ω) (solv) VCI-P (solv) A (υ) (solv) exptl by modeling the H 2 O solvent as a polarizable continuum model (PCM). 32 It has been previously shown 33 that the variant called self-consistent isodensity polarizable continuum model (SCI-PCM) 34 is well suited for vibrational computations. Note that such a model has limitations where nonelectrostatic effects dominate the solute-solvent interaction but save substantial computational time with respect to the consideration of individual molecules. However, the SCI-PCM model improves the anharmonic results by reducing the discrepancies of about 50% providing a theoretical signature in line with its observed counterpart, in addition to the anharmonic treatment.
Conclusions
We have prepared and characterized the selectively isotopically labeled compound NaBD 3 H. The current results show that the relative intensity of the single B-H stretching mode is strong enough in both IR and Raman spectroscopy to act as a structural probe for individual B-H bonds in complex borohydrides. The anharmonic DFT calculation reproduces well the experimentally observed spectrum (see Figures 1 and 5) . In view of future preparations of labeled complex borohydrides, care must be taken to avoid solvents where isotopic exchange has been shown to take place.
Complex borohydrides containing both alkali metal ions as well as transition metal ions can be prepared from alkali borohydrides and transiton metal chlorides using ball milling techniques. Using NaBD 3 H in these experiments may give additional structural information on these new compounds.
